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A B S T R A C T
NiCrFeSiB alloys reinforced with WC-Co are potentially useful composite coating materials for use in applica-
tions in which resistance to sliding wear, hot corrosion and high temperature is required. Furthermore these
materials oﬀer an advantage over WC-Co and WC-CoCr coatings in applications where a more ductile coating is
required. A powder feedstock containing a 50/50 mixture of WC-Co/NiCrFeSiB was sprayed by a HVOAF (high
velocity oxy-air fuel) thermal spray torch, which was developed by Monitor Coatings Castolin Eutectic for in-
ternal diameter applications, with two sets of spray parameters with the overall gas ﬂowrate entering the torch
changed. The powder feedstock and sprayed coatings were characterised using SEM imaging, XRD and mea-
surement of mechanical properties such as microhardness and indentation fracture toughness. The speciﬁc wear
rates of the coatings were measured when testing the coatings against WC-Co and Al2O3 counterbodies and it
was determined that the coating sprayed at the higher gas ﬂowrate wore out less against both counterbody
materials, due to its superior microhardness. Tests against the Al2O3 counterbody led to increased material loss
of both coatings in comparison to testing against WC-Co. This was due to the wear of the Al2O3 ball throughout
the test leading to an increase in contact area between the coating and counterbody.
1. Introduction
NiCrSiB or NiCrFeSiB alloys are useful materials for use in appli-
cations in which resistance to wear, corrosion and heat is required, such
as in boilers of coal fuelled power plants or gas turbines [1]. However
this material is currently not widely used in many engineering appli-
cations due to the material's low hardness in comparison to other more
common coating materials such as cermet and ceramic coatings [2].
WC-Co/NiCrSiB blended powder has signiﬁcant advantages over WC-
Co or even WC-Co-Cr when a more ductile coating is required in en-
gineering applications. The addition of reinforcement particles, such as
cermets like WC-Co to the powder feedstock has been previously shown
to improve the mechanical properties of the ﬁnal coating, with the
hardness of pure NiCrSiB and 50% NiCrSiB/ 50% WC by weight coat-
ings sprayed by atmospheric plasma spraying (APS) being shown to
increase from 10.082 ± 0.720 GPa to 14.293 ± 1.393 GPa with the
addition of the reinforcing particles. Furthermore Young's modulus was
seen to increase from 232 ± 19 GPa to 291 ± 15 GPa with the ad-
dition of the WC [3]. Consequently, the improvement in these proper-
ties has been shown to greatly improve the sliding resistance of the
coating. The sliding wear resistance of WC-Co/NiCrSiB coatings
sprayed by HVOF (High velocity oxy–fuel) thermal spraying with varied
mass fractions from 0% wt. WC-Co to 30% WC-Co was measured at a
10 N load against a WC-Co counterbody and it was determined that the
wear resistance improved as the mass fraction of cermet in the powder
feedstock increased, with the speciﬁc wear rate of the coating being
lowered by about 38% when 30% wt. WC-Co was included [4]. The
ability to improve NiCrFeSiB coatings with added reinforcing particles
has been recognised by the engineering community, with powder
manufacturers providing mixed powder feedstocks for use in coating
applications. Composite coatings of WC-Co/NiCrSiB have been sprayed
by HVOF thermal spray in a number of studies, with the tribological
studies focusing on the erosive wear of the coating against alumina at
room temperature and at 450 °C with coatings with a microhardness of
1223 HV with a porosity of below 0.5% being achieved [5,6].
Techniques such as plasma spraying, laser cladding, detonation gun,
cold spray and HVOF have been successfully used to apply these coat-
ings [5,7–9]; however, HVOF thermal spray is said to be one of the most
promising methods for coating deposition, due to the high particle
velocity (≈400–600 m/s) and relatively low ﬂame temperatures in
comparison to other methods (< 3000 K) [6]. HVAF (High velocity air
fuel) thermal spraying is a technique that involves the use of
https://doi.org/10.1016/j.surfcoat.2020.125468
Received 25 November 2019; Received in revised form 31 January 2020; Accepted 11 February 2020
⁎ Corresponding author.
E-mail address: tanvir.hussain@nottingham.ac.uk (T. Hussain).
Surface & Coatings Technology 386 (2020) 125468
Available online 18 February 2020
0257-8972/ © 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/BY/4.0/).
T
compressed air instead of pure oxygen, alongside the fuel for combus-
tion with the said advantages being a lower ﬂame temperature and a
higher in-ﬂight particle velocity compared to HVOF thermal spraying
resulting in less unwanted decarburisation when spraying cermet
powders [10]. In recent years, changes in legislation led to a keen in-
terest in developing a thermal spray process to apply coatings on in-
ternal surfaces, known as ID (internal diameter) thermal spraying. Due
to the line of sight nature of thermal spray processes, ID thermal
spraying provides additional challenges, particularly when applying
coatings in parts with a small ID, such as having to deal with a short
stand-oﬀ distance and barrel length. To tackle these issues, a new
generation of ID thermal spray torches has been developed with much
smaller dimensions than traditionally used industry standards which
are able to apply coatings at much smaller stand-oﬀ distances [11,12].
Currently little is known regarding the eﬀects of spraying a mixed
powder feedstock with such a system. From an economics point of view,
the blended WC-Co/NiCrSiB has nearly twice the deposition eﬃciency
compared to that of WC-Co or WC-Co-Cr in internal diameter HVOF
thermal spray torches.
In this study, a commercially bought composite powder feedstock
consisting of a 50:50 by weight mixture of WC-Co and NiFeCrSiB par-
ticles was sprayed using a next generation ID HVOAF (High velocity
oxy-air fuel) thermal spray system developed by Castolin Eutectic-
Monitor Coatings Ltd. (North Shields, UK), utilising both air and oxygen
alongside the fuel for combustion. Two sets of spray parameters were
used with a varied gas ﬂowrate used in order to aﬀect the amount of
heating undergone by the powder particles within the ﬂame, in order to
conﬁrm which parameter set produces coatings more suited to pro-
viding resistance against sliding wear. The microstructure, mechanical
properties and sliding wear resistance of the coatings against Al2O3 and
WC-Co counterbodies were investigated.
2. Experimental
2.1. Feedstock materials and HVOAF thermal spray coating deposition
A commercially available powder feedstock consisting of 50/50 wt
% WC-Co /NiCrFeSiB by weight (AMPERIT® 560.090) was acquired
from H.C. Starck (Munich, Germany). The nominal powder size range
stated by the manufacturer was 45/5 μm. The composition of the WC-
Co powder is 83/17% wt., and the NiCrFeSiB particles are stated by the
manufacturer to have an approximate composition of 13–17% Cr,
3.9–4.9% Si, 2.4–4.6% Fe, 3–3.9% B, 0.6–1.2% C with the balance
being Ni, all in wt. %. Coatings were deposited using a HVOAF torch
developed by Castolin Eutectic-Monitor Coatings (North Shields, United
Kingdom) that has been used in other studies [11,13–15] onto AISI 416
stainless steel (12–14% Cr, 1.25% Mn, 0.15% C, 0.15% S, 0.6% Mo,
0.06% P, 1% Si in weight %) disks of diameter 38.1 mm and thickness
of 6 mm. Prior to deposition, the substrate materials were grit blasted
and degreased with acetone in order to improve coating/substrate
bonding. The coatings were sprayed using two diﬀerent sets of spray
parameters, denoted NiSF_HF (Nickel self-ﬂuxing high ﬂowrate) and
NiSF_LF (Nickel self-ﬂuxing low ﬂowrate) with the gas ﬂowrates into
the torch for each being 500 L/min and 150 L/min respectively. The
samples were sprayed in a normal HVOF spray setup used for the
coating of outer surfaces with a stand-oﬀ distance of 100 mm.
2.2. Characterisation of powder feedstock and coatings
Prior to coating deposition, the powder size range of the mixture
was measured using a LS230 laser diﬀraction powder sizer (Beckmann
Coulter Inc., CA, USA). The phase composition of the coatings and
powder feedstock was measured by X-ray diﬀraction using a Siemens
D500 (Siemens, Munich, Germany) utilising Cu Kα radiation (1.5406 Å)
in the 20°≤ 2θ≤ 90° range, with a step size of 0.02° and a dwell time
of 4 s. Cross sections of the coatings were prepared by sectioning the
sample with a SiC cutting wheel followed by grinding and polishing
down to a 1 μm diamond ﬁnish. The morphology and microstructure of
the powder and coating cross sections were examined using a Jeol
6490LV scanning electron microscope (SEM) operated in high vacuum
mode and utilising both secondary (SE) and backscattered electron
(BSE) imaging (Jeol Ltd., Tokyo, Japan). The porosity and the relative
volume percentage of WC-Co splats within the coating's microstructure
were measured using image analysis software (Image J, NIH, USA)
[16]; 5 images were considered for each coating with the overall mean
percentage being presented along with the standard error.
The microhardness of the coatings was measured on the prepared
polished cross sections using a Vickers microhardness indenter
(Buehler, Illinois, USA) using a load of 300 gf and a dwell time of 10 s.
The indentation fracture toughness of the samples was measured by
indenting the cross section of the coating samples with a Vickers
hardness indenter using a load of 2.5 kgf in order to produce small
horizontal cracks propagating from the edge of the indentation. Only
cracks in the direction parallel to the coating/substrate interface were
considered, as it has been previously shown in HVOF thermal spray
coatings that the fracture toughness is lowest in this direction [17]. The
lengths of these cracks and indent size were measured using optical
microscopy (Nikon, Japan) and the indentation fracture toughness KIC
was determined using the relationship described by Evans and Wilshaw
[18]:
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where P is the applied indentation load (N), a is the indentation half
diagonal (m) and c is the crack length from the indent centre (m). This
expression is only valid when 0.6 ≤ c/a ≤ 4.5; all measurements of c
and a were determined to ﬁt within this range for all samples measured.
For all microhardness and fracture toughness measurements, the mean
values from 6 indentations are presented alongside the standard error.
2.3. Dry sliding wear testing
Unlubricated sliding wear tests were carried out at room tempera-
ture using a Ducom rotary ball on disc microtribometer (Ducom, The
Netherlands) with a load of 10 N, sliding distance of 500 m and sliding
speed of 0.16 m/s used. In order to assess performance of the system
when sliding against ceramic and a like on like cermet material, Al2O3
and WC-Co balls supplied by Dejay Ltd. (Launceston, UK) with a dia-
meter of 6 mm were used as the counterbody. The frictional force
during each test was measured by the instrument, from which the
coeﬃcient of friction μ could be calculated to investigate the eﬀect of
the change of counterbody material on the frictional response exhibited
by the system. All tests were carried out on a coating surface polished
down to a 1 μm ﬁnish achieved by using SiC grinding papers down to a
15.3 μm grit size, followed by polishing against 6 μm and 1 μm diamond
pads. The wear track diameter was set at 10 mm for all tests and each
test was repeated twice on fresh samples to improve the reliability of
the results, with the mean and range being presented. Contact surface
proﬁlometry (Taylor Hobson Ltd., UK) was used to measure the surface
roughness (Ra) of the polished coating surface prior to testing, with the
Ra of the polished coatings being found to lie in the range of
0.02–0.05 μm. The Ra of the counterbody materials was stated by the
manufacturer to be<0.02 μm.
2.4. Characterisation of worn surfaces
The speciﬁc wear rate of the coatings was measured by using a
surface proﬁlometer (Taylor Hobson Ltd., UK) to measure the cross-
sectional area of the wear scar perpendicular to the direction of the
counterbody movement in 4 places. These were averaged and then
multiplied by the wear track circumference to provide the volume of
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material lost during the test. This value can then be divided by the load
multiplied by the total sliding distance of the test in order to provide the
speciﬁc wear rate of each worn sample [13,19].
Wear of the spherical counterbodies during the test would result in a
near ﬂat surface, and by using the assumption that this represents the
removal of a spherical cap of material, the following expressions can be
used to calculate of volume of material lost by the counterbody:
= − −d r r a( )2 2 (2)
∆ = ⎛
⎝
− ⎞
⎠
V πd r d
3
2
(3)
where ΔV represents the volume loss, d the height of the cap, r the ball
radius and a the radius of the wear scar. The contact surface of the worn
Al2O3 counterbody was then imaged by SEM, with a carbon coating of
approximately 15 nm thickness added in order to promote conductivity.
The worn surfaces of the coatings were analysed using SEM with SE
and BSE imaging modes, in order to assess the wear mechanism and
condition of the coatings. Raman spectroscopy was employed to char-
acterise oxides present within the wear scar using a LabRAM HR
spectrometer (Horiba jobin YVON, Japan) modiﬁed by the addition of
an automated xyz stage (Märzhäuser, Germany). The instrument was
calibrated using a standard Si (100) reference band at 520.7 cm−1 and
the Rayleigh line at 0 cm−1. A laser with a wavelength of 659.41 nm
with a 300 μm pinhole was utilised with a 10% laser ﬁlter used to
prevent damaging the sample. The individual spectra were collected for
20 s and were repeated 3 times in order to improve the signal to noise
ratio. Following data correction the spectra were corrected by applying
linear baseline subtraction in order to remove eﬀects of ﬂuorescence.
3. Results
3.1. Characterisation of feedstock powder and deposited coatings
A SE SEM image of the powder feedstock, alongside a BSE SEM
image of the powder cross sections are shown in Fig. 1. The particles of
WC-Co are roughly spherical in shape, with an exterior covered in
grains of WC. The mean carbide grain size was measured as approxi-
mately 3 μm. Cross sectional BSE images show the WC phase embedded
in the Co binder phase with a darker contrast, alongside porosity visible
inside the particles, typical of agglomerated and sintered powders. The
NiCrFeSiB particles are the larger spherical grey particles, seen to be
larger in size than the WC-Co particles. Cross sectional BSE SEM images
indicated these particles are non-porous, with two distinct phases being
visible; measurements from EDX point scans of these two phases are
shown in Table 1. The spots with the darker contrast within the Ni
phase particles were found to be Cr rich with Ni content falling from
around 70.9 wt% in the surrounding areas to 29.5 wt% in the Cr rich
regions.
SEM SE and BSE images of the cross sections of both coatings are
presented in Fig. 2. Both coatings have densely packed structures with
no signs of cracking, with good adhesion to the substrate, as can be seen
due to a total lack of any crack or delamination along the interface. The
NiSF_HF and NiSF_LF coatings had a measured thickness of (518 ± 11)
μm and (576 ± 8) μm. The splats of the Ni alloy and WC-Co particles
can be seen throughout the microstructure, with many Ni alloy splats
still retaining their spherical shape. The diameter of 10 spherical Ni
alloy splats seen from cross sectional BSE images of the coatings were
measured, with the average diameter in the NiSF_HF and NiSF_LF
coatings found to equal (41 ± 11) μm and (37 ± 7) μm respectively;
however, this may diﬀer depending on how the sample was prepared.
The Cr rich areas that can be observed on the cross section of the Ni
alloy particles in Fig. 1 can also be observed within the coating mi-
crostructure within some Ni alloy splats. Thin string like phases with a
bright contrast, marked on Fig. 2 with red arrows, can be seen posi-
tioned between splats of Ni alloy throughout the microstructure of both
coatings. An EDX line scan across one such site was carried out with the
results displayed in Fig. 3. The areas scanned in the darker contrast area
were found to contain large element weight percentages of Ni (> 60%)
with little measured W and Co (< 15%). The scanned points in the
brighter contrast region were still seen to contain measureable amounts
of Ni, with a spot roughly in the centre of the feature measured to
contain an elemental weight percentage of approximately 15% Ni. This
may indicate that a form of mixing between the two separate powders
has taken place; however, whether or not this is due to the EDX gen-
eration region being larger than the measured phase is the reason for
the detection of Ni cannot be conﬁrmed.
XRD diﬀractograms of the powder feedstock and sprayed coatings
are displayed in Fig. 4. The phases detected that can be attributed to the
WC-Co powder are WC (PDF 00-051-0939) and Co (PDF 00-015-0806)
as seen in other work [20], with the Ni particles displaying a more
complex phase composition. Aside from the presence of Ni (PDF 00-
001-1258), a number of silicide species were detected including
Ni31Si12 (PDF 00-024-0524), FeSi2 (PDF 03-065-2795), CrSi (PDF 00-
051-1356) and Cr6.5Ni2.5Si (PDF 00-016-0037). The presence of sili-
cides has also been detected in other studies working with similar self-
ﬂuxing Ni alloys [21]. The presence of borides Ni4B3 (PDF 00-012-
0417) and Cr2B3 (PDF 01-089-3534) was also detected within the
powder feedstock. The XRD diﬀractograms of the as sprayed coatings
reveal the presence of a broad hump between approximately
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Fig. 1. SEM secondary electron image of the composite feedstock powder. EDX point scans were carried out on the marked areas.
Table 1
Measurements from EDX point scans of the cross section of a Ni alloy particle.
Location (all in wt%) C Si Cr Fe Ni B
Point 1 6.0 4.6 14.8 3.7 70.9 –
Point 2 11.3 1.5 35.8 2.8 29.5 19.1
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37° < 2θ < 50° possibly indicating the formation of amorphous or
nanocrystalline phases during the spray process. The peaks attributed to
minor phases contained within the Ni alloy can be seen to have reduced
in intensity in both sprayed coatings in comparison to the powder
feedstock; likely these crystalline phases that were detected in the
powder that can no longer be seen formed a solid solution during the
spray process and had insuﬃcient time to fully recrystallise when the
particle was quenched on impact with the substrate. No W2C phase or
elemental W was detected in the as sprayed coatings, meaning little to
no decarburisation of the WC phase occurred during spraying [19].
The microhardness, indentation fracture toughness and measured
porosity of the as sprayed coatings are presented in Table 2. NiSF_HF
was found to have a higher hardness than the NiSF_LF coating, with
values of 926 ± 83 and 762 ± 112 respectively. The fracture
toughness of the NiSF_HF coating was measured at 4.5 ± 0.2 MPa.m0.5
and the NiSF_LF coating at 4.8 ± 0.5 MPa.m0.5; therefore the tough-
ness of the two coatings is likely similar when taking the margin of
error into account. A small degree of porosity can be seen in both
coatings but appears more prominent in the NiSF_LF coating with pores
normally found to be situated on the interface between Ni alloy and
WC-Co splats. This was conﬁrmed by the porosity measurements, which
showed the NiSF_HF coating having a very low measured porosity of
(0.3 ± 0.1)% and the NiSF_LF coating with a measured (1.3 ± 0.2)%.
The relative volume percentage of splats of WC-Co was analysed for
each coating, with the NiSF_HF and NiSF_LF coatings being measured
with (30.3 ± 2.1)% and (30.9 ± 1.1)% respectively, with the re-
mainder being either Ni alloy phase or porosity. This indicates that the
amounts of the hard WC-Co particles within the microstructure are very
similar for both coatings.
3.2. Dry sliding wear testing
The speciﬁc wear rates of the coatings against both counterbody
materials are displayed in Fig. 5. The NiSF_HF coating wore at a rate of
5.00 × 10−7 mm3/Nm against the WC-Co counterbody and
1.10 × 10−6 mm3/Nm vs. the Al2O3 counterbody. Meanwhile the
NiSF_LF coating wore at a rate of 5.43 × 10−7 mm3/Nm against the
WC-Co counterbody and 1.23 × 10−6 mm3/Nm vs. the Al2O3 coun-
terbody. Both coatings were seen to wear signiﬁcantly more when
tested against the Al2O3 counterbody in comparison to WC-Co, with the
speciﬁc wear rate increasing by 120% and 127% for the NiSF_HF and
NiSF_LF coatings vs. Al2O3 in comparison to WC-Co. The speciﬁc wear
rates of the counterbodies were also measured; in all tests the WC-Co
counterbodies were found to undergo negligible wear, with no ﬂat
surface forming on the contact surface of the ball with this material. In
contrast the Al2O3 counterbodies were seen to visibly wear during the
test with a ﬂat surface forming on the ball. The mean speciﬁc wear rates
of the Al2O3 balls tested vs. the NiSF_HF and NiSF_LF coatings were
measured as (4.85 ± 0.95) × 10−7 mm3/Nm and
(1.36 ± 0.42) × 10−7 mm3/Nm respectively.
The coeﬃcient of friction measured in each wear tests vs. distance
travelled by the counterbody against both materials are displayed in
Fig. 6. Against both counterbody materials, the break-in period occurs
for approximately the ﬁrst 100 m travelled with large variations in
coeﬃcient of friction μ measured; however, while μ is seen to remain
relatively constant at a value of about 0.6 for the remaining distance
when tested against Al2O3, it can be seen to decrease during the test in
the wear tests vs. WC-Co for both coatings from a maximum of about
0.7 down to below 0.5. The change in μ throughout each test was found
to be similar for the NiSF_HF and NiSF_LF coatings, suggesting little to
no diﬀerence in the wear mechanisms taking place in the wear of each
coating. The ﬁnal value of the coeﬃcient of friction was seen to be
greater for both samples tested against the Al2O3 counterbody com-
pared to WC-Co.
Low magniﬁcation secondary electron SEM images of the wear
tracks produced from the sliding wear tests against both counterbody
b
a c
d
Fig. 2. (a,b) SEM secondary electron images of the NiSF_HF and NiSF_LF coatings. (c,d) BSE images of the coating microstructures. Intersplat phases are marked on
the images with a red arrow. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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materials are shown in Fig. 7. The width of the observed wear track was
measured at approximately 171 ± 3 μm and 276 ± 9 μm for the
NiSF_HF and LF coatings against the WC-Co counterbody and
329 ± 16 μm and 456 ± 7 μm for the NiSF_HF and LF coatings
against the Al2O3 counterbody.
SE and BSE SEM images of the worn surface of the coatings tested
against the WC-Co counterbodies are presented in Fig. 8. Some small
cracks were found between areas of under deformed, spherical shaped
splats of Ni alloy particles; these are marked on the images with a red
arrow. Small pores can be visible on the worn surface, likely to be sites
where material pullout of WC occurred and these are displayed on the
image with circles. Scratches parallel to the direction of counterbody
movement can be observed on the surface of both coatings, covering
WC-Co rich and Ni rich areas. This suggests an abrasive wear me-
chanism may be one of the processes taking place in this tribological
system, characterised by the presence of these grooves visible on the
worn surface, formed by ploughing of a harder material through softer
areas of the microstructure. Areas of material with a darker contrast can
be seen on the SEM images where cracks perpendicular to the direction
of the movement of the counterbody are present. EDX point scans in
these areas detected a large concentration of oxygen, meaning these
areas are likely oxides. These areas can be seen lying over WC-Co and
Ni alloy splats, indicating no preferential location for formation. Small
bright dots can be seen on the surface, with a similar contrast in BSE but
a much smaller size to the WC grains; these are likely tungsten rich
debris scattered across the worn surface produced from pulled out WC
grains or abrasive wear of said phase.
Images of the surface worn vs. the Al2O3 counterbody are displayed
in Fig. 9. Similar features can be seen to those observed of the worn
surfaces from the wear tests carried out against WC-Co, with abrasive
scratches, small cracks between Ni alloy splats and oxidised areas all
visible. Tungsten rich debris can also again be seen on the surface.
Overall, for both counterbody materials, little diﬀerence between the
worn surfaces on the two coatings can be observed. Examples of the
measured surface proﬁles of the worn surfaces of both coatings are
displayed in Fig. 9. The wear tracks produced from wear against the
Al2O3 counterbody can be seen to have a larger width than the wear
scar formed in the tests against WC-Co, with a measured width of ap-
proximately 0.4 mm and 0.36 mm in comparison to 0.26 mm and
0.2 mm for the NiSF_HF and NiSF_LF coatings tested against WC-Co.
2
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Fig. 3. EDX line scan across the intersplat phase marked in Fig. 2.
Fig. 4. XRD diﬀractograms of the powder feedstock and as-sprayed coatings.
Table 2
Microhardness, fracture toughness and porosity of the two coatings.
Sample Microhardness
(HV0.3)
Fracture toughness KIC
(MPa.m0.5)
Porosity (%)
NiSF_HT 926 ± 83 4.5 ± 0.2 0.3 ± 0.1
NiSF_LT 762 ± 112 4.8 ± 0.5 1.3 ± 0.2
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Raman spectra gathered from oxidised regions on the worn surfaces
of the NiSF_HF coating tested against both counterbody materials are
presented in Fig. 10. No diﬀerence was observed between the oxides
formed on the two coatings with peaks attributed to WO3, CoWO4 and a
Ni-W based oxide detected, with Raman spectra of the pure materials
being used as the reference from other studies [22,23]. Furthermore,
the Raman spectra reveal little diﬀerence between the oxides forming in
the wear tests against both counterbody materials.
Secondary and backscattered electron images of the contact surface
of an Al2O3 ball used in the wear test against the NiSF_HF coating are
displayed in Fig. 11. Low magniﬁcation images reveal the presence of a
“smoothed out area” which displays a brighter contrast than the bulk
material in BSE imaging. EDX point scan in these areas, marked by a red
dot, detected the signiﬁcant presence of elements present in the coating
material such as W, Co and Ni meaning material transfer from the
coating took place during the test. The presence of cracks in the regions
surrounding the circular worn cap can also be observed. Higher mag-
niﬁcation images of the region marked by a red box reveal a worn
surface characteristic of an area in which brittle fracture mechanisms
have occurred, similar to that seen in another work [24]. BSE imaging
in this region also shows material with a brighter contrast embedded
into the Al2O3 surface, with EDX point scans again implying this ma-
terial originating from the coating. Due to the lack of wear of the WC-
Co counterbodies during testing, these materials were not imaged.
4. Discussion
4.1. Powder and coating characterisation
It is likely the selected spray parameters resulted in favourable in-
ﬂight characteristics in general for the WC-Co particles, but less so for
the Ni alloy. SEM images of the powder feedstock in Fig. 1 reveal that
the Ni alloy particles vary in size, with the diameter of the particles
imaged seen to vary between 23 and 45 μm. Assuming a consistent
spherical morphology, the diﬀerence in volume between the smallest
and largest Ni alloy particles imaged would vary by almost 750%. As a
result, it is likely that the temperature of Ni alloy particles in-ﬂight
would vary to a large degree due to the diﬀerences in heat energy re-
quired to suﬃciently heat up and promote the particle melting required
in HVOF thermal spray processes. Furthermore a greater kinetic energy
is required for heavier Ni alloy particles to reach the high in-ﬂight
velocity required to ensure suﬃcient ﬂattening on impact with the
substrate, making it likely that larger particles of the Ni alloy will not
only have lower in-ﬂight temperatures, but lower velocities too in
comparison with smaller particles of the same material. These under
deformed splats can be seen to be formed from larger Ni alloy particles,
which either did not have suﬃcient in-ﬂight velocity or temperature to
ensure high plastic deformation on impact. It has been previously de-
termined in other studies carried out using in-ﬂight particle diagnostic
NiSF_HF WC-Co NiSF_LF WC-Co NiSF_HF Al2O3 NiSF_LF Al2O3
NiSF_HF WC-Co NiSF_LF WC-Co NiSF_HF Al2O3 NiSF_LF Al2O3
Fig. 5. Speciﬁc wear rates of the coatings and counterbodies.
WC-Co
Al2O3
Fig. 6. Coeﬃcient of friction vs. distance travelled for the wear tests against the
WC-Co and Al2O3 counterbodies.
J. Pulsford, et al. Surface & Coatings Technology 386 (2020) 125468
6
NiSF_HF Al2O3 NiSF_LF Al2O3
NiSF_LF WC CoNiSF_HF WC Co
Fig. 7. Low magniﬁcation SE SEM images of the worn surfaces of the coatings tested against both counterbody materials. Note the greater width of the tracks worn
against the Al2O3 counterbody.
NiSF_HF
(BSE)
NiSF_LF
(BSE)
NiSF_HF
(SE)
NiSF_LF
(SE)
Fig. 8. SEM BSE and SE images of the worn surfaces of the coatings tested against the WC-Co counterbody. Cracking originating from the interphase between the
cermet and Ni alloy splats and example areas of oxidised material are marked with arrows and dots respectively.
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and CFD simulation methods that insuﬃcient ﬂattening of the powder
feedstock on impact with the substrate will produce more porous
coatings [25,26]. The coating sprayed under conditions leading lower
particle velocities NiSF_LF was measured to have a higher porosity than
the NiSF_HF coating. Insuﬃcient acceleration of the Ni alloy particles as
a result of the lower gas ﬂowrate into the torch results in insuﬃcient
plastic deformation of the particles on impact with the substrate and as
a result will lead to a more porous coating. Furthermore increased
porosity has been shown to lead to a reduced microhardness in HVOF
thermal sprayed coatings [27], providing a likely explanation for the
increased microhardness of the NiSF_HF coating. The relative volume
percentage of the microstructure taken up by splats of the harder WC-
Co powder is unlikely to account for the diﬀerence in microhardness
between the two coatings due to the similarity in the relative volume of
this phase. The indentation fracture toughness was measured to be
higher for the NiSF_LF coating; however, the error was also larger
making it likely the fracture toughness of the coatings does not vary
signiﬁcantly.
Due to their generally smaller size and porous and hollow structure,
the WC-Co particles possess a higher surface area to volume ratio than
the larger solid Ni alloy particles, likely increasing the eﬃciency of heat
transfer from the hot gases into the WC-Co particles in ﬂight.
Meanwhile in contrast, the Ni alloy particles were found to have a
homogenous spherical shape with a smooth non-porous outer surface,
which combined with their generally larger size would result in much
slower heating rates for the Ni alloy than the WC-Co particles during
the spray process. The speciﬁc heat capacities of the two materials were
estimated using empirical relationships from other sources [28,29] at a
range of temperatures and it was observed that the speciﬁc heat ca-
pacity of the Ni alloy particles at 0.46 kJ/kg.K is almost twice as large
as for WC-Co at 0.24 kJ/kg.K, meaning the eﬀect of particle size on
heating rate is even more pronounced for NiCrFeSiB. This diﬀerence in
particle heating rates means it may be extremely challenging to opti-
mise spray parameters in order to achieve the best out of both materials
in this mixture, as raising the ﬂame power to suﬃciently melt the
NiCrFeSiB alloy particles would increase the likelihood of overheating
the WC-Co particles, resulting in unfavourable decarburisation of WC.
Changing the size of the powder feedstock by reducing the amount of
larger Ni alloy particles may allow easier optimisation of spray para-
meters for HVOAF thermal spray deposition. With this powder feed-
stock, this could be achieved by employing the use of a sieve with a
40 μm grating size to remove the large Ni alloy particles. However there
is a chance that removing the larger Ni alloy particles would lead to a
diﬀerence in composition between the WC-Co and Ni alloy phases
within the ﬁnal coating; this may have an eﬀect on the ﬁnal properties
of the coating but this is beyond the scope of this work.
NiSF_HF
(BSE)
NiSF_LF
(BSE)
NiSF_HF
(SE)
NiSF_LF
(SE)
Fig. 9. SEM BSE and SE images of the worn surfaces of the coatings tested against the Al2O3 counterbody. Cracking originating from the interphase between the
cermet and Ni alloy splats and example areas of oxide are marked with an arrow and dot respectively.
WO3
CoWO4
Ni-W Oxide
Fig. 10. Raman spectra measured from the worn surface of the NiSF_HF coating
worn vs. both counterbody materials.
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4.2. Dry sliding wear behaviour
In both sliding wear tests, the coating sprayed at the higher ﬂame
temperature NiSF_HF was found to wear at a slower rate than the other
coating. This better resistance to sliding wear can likely be related to
the greater microhardness of this coating, a conclusion reached in other
studies regarding sliding wear of HVOF thermal sprayed coatings [30].
It is likely the mechanism of wear was very similar for both coatings for
each counterbody material, as the change of the friction coeﬃcient
against distance travelled is alike for both coatings. Furthermore, on
inspection of the worn surfaces of both coatings in Figs. 7 and 8, similar
features are observed such as signs of WC grain pull-out, scratch marks
and cracks originating from around the perimeter of spherical Ni alloy
splats. SEM images of the coating cross section in Fig. 2 show porosity
can be present in these areas and using principals of linear elastic
fracture mechanics, it is likely that stresses concentrate in the material
at areas of porosity, resulting in cracks propagating from these areas.
A signiﬁcant diﬀerence in measured speciﬁc wear rate was seen
when the coatings were worn against the two diﬀerent counterbody
materials, with both coatings wearing at a much greater rate against
Al2O3. Raman spectroscopy on the worn surfaces of the coatings tested
against both counterbody materials revealed the presence of WO3,
CoWO4 and Ni-W oxides. Pullout of hard WC phase leads to hard ma-
terial getting trapped between the counterbody and coating surface,
resulting in the abrasion marks that can be seen across the coating
surface in Fig. 8. These trapped particles can begin to react with at-
mospheric oxygen, due to being heated by the friction generated by the
contact between the counterbody and coating surface under load, likely
leading to the formation of WO3 or CoWO4 oxides in a similar manner
to that described in other work with cermet HVOF coatings [31].
Abrasion of the Ni alloy splats results in Ni rich debris being produced,
which may oxidise in a similar manner to the other oxides that have
been seen to form.
In the tests against both coatings, the Al2O3 counterbodies under-
went wear resulting in a ﬂat surface forming at the point of contact
between the ball and coating surface. In contrast the WC-Co balls were
seen to undergo little to no wear, with the balls retaining their spherical
shape, due to this material's higher hardness and fracture toughness in
comparison to Al2O3. In the case of the Al2O3 ball the area of the
contact surface between the counterbody and coating will increase as
the test progresses, due to the round edge of the ball being worn out to
form a ﬂat surface. A larger contact surface between the counterbody
and coating may increase the coating wear, as the larger contact surface
would allow more pulled out abrasive materials to get trapped between
counterbody and coating leading to an increase in wear by abrasion in
the system [32]. Embedded coating particles can be observed on the
worn surface of the Al2O3 ball in Fig. 11, providing evidence for this
explanation.
The behaviour of the coeﬃcient of friction displayed in Fig. 6,
throughout the test was observed to diﬀer for each counterbody ma-
terial, implying the response of the worn coating and counterbody
material may be diﬀerent. The formation of CoWO4 and WO3 triboﬁlms
on the worn surface of the coatings has previously been shown to act as
a solid lubricant and lower the coeﬃcient of friction [33,34]. The
double oxide CoWO4 is composed of CoO and WO3 which have sig-
niﬁcant ionic potential diﬀerences; a characteristic which has been
previously shown to promote antifriction properties [33,35].
The presence of these oxides was detected on the worn surface of
the coatings tested against both counterbody materials; however, the
coeﬃcient of friction was not seen to reduce in the tests against the
Al2O3 counterbody. The wear of the Al2O3 was seen to occur via a
brittle fracture mechanism in a manner characteristic of severe wear in
ceramic materials. The occurrence of brittle fracture can result in in-
creased frictional forces, due to the fractures providing an additional
Fig. 11. SE and BSE SEM images of the worn surface of the Al2O3 ball. Spots marked with a red circle indicate positions at which EDX point scans were performed and
the red box shows the approximate location of the higher magniﬁcation images. (For interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the web version of this article.)
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mechanism for the dissipation of energy at the area of the sliding
contact [36], countering the potential lubricating eﬀect provided by the
oxides formed by tribo-chemical processes. However, in a wear cou-
pling in which the counterbody material is seen not to undergo severe
wear, such as when tested against WC-Co, it appears the lubricating
eﬀect provided by the formation of oxides on the worn surface can be
achieved.
The coating with the lowest wear against both counterbody mate-
rials, NiSF_HF, had a measured speciﬁc wear rate of
(4.99±0.06) × 10−7 mm3/Nm against the WC-Co counterbody and
(1.10±0.16) × 10−6 mm3/Nm against Al2O3. For comparison, un-
lubricated sliding wear tests investigating the wear of WC-CoCr coat-
ings sprayed by liquid fuelled HVOF thermal spray (JP-5000, Praxair,
USA) and HVAF (high velocity air-fuel) thermal spray (M3, UniqueCoat
Technologies, USA) at a 10 N load against a 6 mm diameter Al2O3 ball
(5000 m sliding distance, 0.1 m/s sliding speed) were found to result in
coating speciﬁc wear rates of approximately 6 × 10−8 mm3/Nm for the
HVOF sprayed coating and 3 × 10−8 mm3/Nm for the HVAF thermal
spray coating [31]. The WC-CoCr coatings were both found to have a
microhardness of> 1200 HV0.3, with the HVAF coating having a
slightly higher hardness; it is likely that this increase in hardness can
explain the diﬀerence in performance between the WC-Co/NiCrFeSiB
composite coatings and benchmark WC-CoCr coatings. While the spe-
ciﬁc wear rates of the WC-Co/NiCrFeSiB coatings studied in this work
are of an order of magnitude higher than WC-CoCr coatings, the wear
these coatings suﬀered is in the orders of magnitude classed as mild
wear [36] meaning they show good potential as wear resistant coatings
for low load sliding wear applications.
5. Conclusion
A composite powder feedstock containing a 50/50 mixture of WC-
Co/NiCrFeSiB was sprayed under two diﬀerent spray conditions, with
the total gas ﬂowrate into the torch set at 500 L/min (NiSF_HF) and
150 L/min (NiSF_LF) to vary the microstructure of the coatings. The
coatings were exposed to unlubricated sliding wear testing to under-
stand their wear mechanisms against WC-Co and Al2O3 counterbodies.
The following conclusions can be made:
• A larger amount of porosity was present in the NiSF_LF coating, with
the NiSF_HF coating having a very low measured porosity of
(0.3 ± 0.1)% and the NiSF_LF coating with a measured porosity of
(1.3 ± 0.2)%. In combination, the coating sprayed at the higher
total gas ﬂowrate NiSF_HF was found to have a greater microhard-
ness than the NiSF_LF coating with values of 926 ± 83 and
762 ± 112 respectively, while fracture toughness is likely similar
for the two coatings. This could be due to the in-ﬂight particles, in
particular the larger Ni alloy particles having too low in-ﬂight ve-
locity to ﬂatten suﬃciently on impact with the substrate at the lower
gas ﬂowrate into the torch. This eﬀect would be more signiﬁcant for
larger particles, meaning for this powder feedstock the use of a
40 μm sieve to remove these largest particles prior to spraying could
improve the coating microstructure and therefore properties.
• The NiSF_HF coating sprayed at the higher total gas ﬂowrate was
found to suﬀer less material loss during the wear tests against both
the WC-Co and Al2O3 counterbodies than the NiSF_LF coating, due
to its higher hardness. The main mechanism of wear was found to be
similar for both coatings, with the pullout of hard phases in the
coating microstructure leading to abrasion of the coating surface.
Patches of oxidised material can be seen on the worn surfaces of
both coatings.
• Both coatings suﬀered a higher degree of wear when tested against
the Al2O3 counterbody in comparison to the WC-Co counterbody.
This was due to the wear of the Al2O3 ball throughout the test
leading to an increase in contact area between the coating and
counterbody, leading to a greater amount of wear due to abrasion
mechanisms.
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